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I. Abstract 
Anodic Aluminum Oxide (AAO) membranes can be fabricated with a highly 
tunable pore structure making them a suitable candidate for cellular hybrid devices with 
single-molecule selectivity. The objective of this study was to characterize the cellular 
response of AAO membranes with varying pore sizes to serve as a proof-of-concept for 
an artificial material/cell synapse system. AAO membranes with pore diameters ranging 
from 34-117 nm were achieved via anodization at a temperature of -1C in a 2.7% oxalic 
acid electrolyte. An operating window was established for this setup to create membranes 
with through-pore and disordered pore morphologies. C17.2 neural stem cells were 
seeded onto the membranes and differentiated via serum withdrawal.  
The data suggests a highly tunable correlation between AAO pore diameter and 
differentiated cell populations. Analysis of membranes before and after cell culture 
indicated no breakdown of the through-pore structure. Immunocytochemistry (ICC) 
showed that AAO membranes had increased neurite outgrowth when compared to tissue 
culture treated (TCT) glass, and neurite outgrowth varied with pore diameter. 
Additionally, lower neuronal percentages were found on AAO as compared to TCT glass; 
however, neuronal population was also found to vary with pore diameter. Scanning 
electron microscopy (SEM) and ICC images suggested the presence of a tissue-like layer 
with a mixed-phenotype population. AAO membranes appear to be an excellent 
candidate for cellular devices, but more work must be completed to understand the 
surface chemistry of the AAO membranes as it relates to cellular response.
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II. Introduction 
II.I Aluminum Anodization 
Anodization refers to the electrochemical controlled oxidation of the surface of a 
metal to increase the thickness of the natural oxide layer. Aluminum anodization in 
particular, has been effectively utilized in the past century to form protective and 
aesthetic coatings on aluminum components. Protective coatings consist of a hard Al2O3 
passivation layer that inhibits environmental interaction with the aluminum component 
and resists abrasion. Alternatively, under certain conditions anodization produces a 
porous oxide on the surface of the aluminum allowing for the incorporation of pigments 
for decorative coatings1. Porous coatings, typically referred to as anodic aluminum oxide 
(AAO), are most typically created using sulfuric acid, oxalic acid or phosphoric acid as 
an electrolyte2.  
Advances in electron microscopy contributed to increased understanding of 
porous anodization starting in 1953 when Keller et al. observed hexagonally close-
packed cells made up of a barrier layer oxide (BLO) and a porous layer. The research 
concluded that the dimensions of the oxide cells were dependent on the type of 
electrolyte used as well as the anodizing potential3. This study proved to be the basis for 
future studies by several groups that examined the properties and formation mechanisms 
of porous oxides on aluminum. 
II.II Oxide Growth and Pore Formation Mechanisms 
Pores were observed experimentally in AAO but initial pore formation-kinetics 
studies focused on general oxide growth and ion-diffusion. In 1959, Hoar and Mott 
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suggested a mechanism for the growth of aluminum oxide from an aluminum substrate. 
They argued that Al3+ ions diffuse through the BLO to neutralize oxide ions formed at the 
interface between oxide and electrolyte. Simultaneously, OH- ions diffuse into the oxide 
to neutralize Al3+ ions near the aluminum substrate, resulting in new oxide being formed 
in the pore bottom and at the Al/oxide interface. The diffusion through the oxide layer is 
assisted by the electric field4. It was later shown that the BLO thickness, which is 
dependent on the applied voltage during anodization, remained constant during the 
formation of the porous layer5.  
O’Sullivan and Wood proposed an explanation of the pore formation process and 
oxide growth with a mechanism that took into account field-assisted dissolution in the 
bottom of the pores6. Figure 1 shows a schematic diagram of the pore growth process. 
Their work suggested that pore initiation occurs by the merging of locally thickening 
oxide regions related to the substrate (Al) substructure. Palibroda et al. described a 
discontinuous barrier layer growth process present during anodization wherein electrical 
breakdown leads to the porous structure7. Current density is concentrated on the thinner 
regions of the BLO, resulting in field-assisted dissolution that is likely thermally 
enhanced in agreement with the earlier explanation by O’Sullivan and Wood. This theory 
explained how pores began to form from the BLO during anodization and accounts for 
the constant thickness of the BLO. The kinetics of this process was described in detail by 
Patermarakis8 as well as theoretically modeled by Parkhutik and Shershulsky9.  
Later studies also suggest that there is thermal enhancement resulting in a 
significant dependence of pore formation on temperature. Pore density was found to 
decrease with current density and a decrease in temperature due to film growth rate 
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increases competing with thermal and field-assisted dissolution10. As a result of the 
thermally assisted dissolution in pore bottoms, many anodizations are carried out near 0 
C and some employ ethanol additions to the electrolyte as a coolant11. Rigorous stirring is 
generally required to achieve a desirable pore structure. Belwalkar et al. found that pore 
size and interpore distance were directly related to the applied voltage and inversely 
related to the electrolyte concentration. Additionally, electrolyte concentration affected 
growth rate of the AAO pores12. Huang et al. found that increasing the electrolyte 
concentration by too much increased dissolutions rates and AAO membranes could no 
longer be formed13. 
 
Figure 1. Schematic diagram of the pore formation process depicting ion migration, oxide 
formation, and oxide dissolution8 
II.III Self Organization of AAO 
Early works on aluminum anodization observed relationships between electrical 
conditions and cell diameter as well as hexagonally close-packed cells. Pure aluminum is 
typically used to create self-ordered AAO, as alloying elements typically create defects 
such as oxygen bubbles in the oxide but it is still possible to form oxygen bubbles and 
 5 
 
other defects in pure aluminum14. Masuda and Fukuda later investigated the self-ordering 
as a result of different anodization conditions15. It was found that very specific 
anodization conditions (i.e. electrolyte composition and electrical potential) would 
produce long-range close-packed pores. Figure 2 demonstrates the increased order 
observed by Masuda et al. as anodization potential increased in sulfuric acid16. Figure 3 
shows examples of anodization experiments that achieved self-ordered AAO 
membranes11,16,17. These studies showed that using different electrolytes and/or 
concentrations of electrolytes requires different anodization potentials to achieve self-
ordering. This phenomenon was explained by a TEM analysis and numerical study in 
2002 by Nielsch et al. which they termed the 10% porosity rule18.  
 
 
Figure 2. SEM micrographs showing increased order as anodization potential increases in 
AAO form in 0.3M sulfuric acid at 20(a), 23(b), 25(c), and 27(d) V16 
a 
b 
c 
d 
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Figure 3. Interpore distance vs. anodization potential conditions that achieve hexagonally 
close-packed self-organization11,16,17,19 
Nielsch found that self-ordered AAO could repeatedly be created when the 
porosity was 10%, independent of the anodization conditions. This number is related to 
the volume expansion ratio of alumina to aluminum of 1.2. The relationship to the density 
of aluminum and alumina matches the mechanical stress model of self-organization in 
which the volume expansion causes repulsive forces between neighboring cells which 
eventually reach an equilibrium state when they are hexagonally-ordered11,20. Therefore, 
self-ordering is theoretically possible with any interpore distance if cell size and pore 
diameter are in agreement with the 10% porosity rule as described by Equation 118. 
  √ 

	



  (1)  
In Equation 1, P is the porosity, r is the pore radius, and Dint is the interpore spacing. This 
equation combined with earlier results which link the anodization potential to the 
interpore distance and the pH of the electrolyte to the pore radius can be used to create 
self-ordered AAO over a wide variety of pore sizes as shown in Figure 421. 
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Figure 4. Pore diameter vs. anodization potential and molarity of the sulfuric acid 
electrolyte which follows the 10% porosity rule to maintain a self-ordered structure21 
 Adding to the 10% porosity rule, Lee et al. found that other conditions existed for 
forming self-ordered AAO at around 3% porosity. The group developed a hard 
anodization procedure (as opposed to the typical “mild” anodization) that created ordered 
pores with large interpore distances. Hard anodization is typically used by industry to 
create low porosity passivation coatings with a high growth rate. The group was able to 
achieve similar pore sizes as mild anodization in oxalic acid with growth rates an order of 
magnitude higher. Interpore distance was highly tunable with anodization potential; 
however, pore size and electrolyte concentration in this new process was not extensively 
investigated22. 
II.IV Composition and Structure of AAO 
 Pore formation requires diffusion, which is field assisted, to create new oxide. 
This new oxide causes a volume expansion which promotes self-ordering. Patermarakis 
et al. described the incorporation of electrolyte ions and H2O into the AAO regardless of 
the electrolyte used during anodization. This is schematically depicted in Figure 18. Le 
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Coz et al. categorized three distinct regions in AAO membranes based on TEM studies. 
The three regions include the pore walls which have ion incorporation, a “pure” 
aluminum oxide skeleton and so-called interstitial rods at the skeleton triple-points. 
Figure 5 shows TEM image of the three regions and corresponding x-ray maps showing 
the incorporation of phosphor from the electrolyte23. The x-ray maps follow predictions 
by earlier work that the skeleton region is denser than the pore walls. The density 
increase serves to resist migration of ions into neighboring cells24 
 
Figure 5. TEM image (a) and corresponding x-ray maps for phosphorous (b), oxygen (c) 
and aluminum (d) of an AAO membrane anodized in phosphoric acid23 
 TEM studies conducted by Sui et al. found that AAO membranes were 
amorphous throughout25. However, Le Coz et al. demonstrated that exposure to an 
electron beam resulted in crystallization of the skeleton region23. Other studies were 
conducted in an attempt to crystallize the entire AAO membrane through thermal 
treatments. Mardilovich et al. studied thermal treatment of AAO membranes up to 
1200C. Crystallization was obtained by heating above 800C, and the resulting crystal 
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structure of the alumina depended upon the time and temperature of the thermal 
treatment. Additionally, heating above 840C removed impurities as a result of the 
crystallization process24. The same group completed a study on the chemical stability of 
the amorphous AAO as compared to the crystallized samples. Crystallized AAO 
displayed exceptionally high resistance to acids and bases. Conversely, amorphous AAO 
had a narrow range of pH in which it did not partially or fully dissolve regardless of 
annealing time/temperature below the crystallization conditions26. In addition to chemical 
resistance, McQuaig used nanoindentation to show that there was an increase in 
membrane hardness by a factor of two as a result of crystallization27. Pore integrity was 
maintained throughout the heat treatments in both studies. 
II.V Current Two-Step AAO Fabrication 
 The studies mentioned thus far have provided a solid basis for some common 
AAO fabrication principles to be established. The effect of electrical potential and 
electrolyte choice/composition on the porous cell geometry and self-organization is fairly 
well understood3,6,8,18,21. Many current fabrication processes utilize the two-step 
anodization originally proposed by Masuda and Fukuda to create pore initiation sites 
during the first anodization17. The chemical removal of the oxide layer grown during the 
first step leaves behind a patterned aluminum surface that leads to stable pore growth 
during subsequent anodizations28. Sulka et al. also found that there was no significant 
benefit to more etch-anodization cycles in terms of pore organization29. If an organized 
pore structure is desired, nano-patterning via lithography or stamping can be used to 
tailor pore geometry and ordering successfully17. 
 10 
 
II.VI Biological Applications of AAO 
 AAO membranes have seen extensive research as templates for various 
nanostructures, data storage devices, energy generation and storage, and drug delivery2,30–
32
. Polycrystalline alumina as well as AAO is chemically stable and biocompatible. AAO 
also exhibits very low autofluorescence making it suitable for many biological imaging 
techniques33. Furthermore, AAO fabrication is industrially-scalable, which is not the case 
for many other techniques such as lithography11,34. AAO also lends itself well to many 
surface modification approaches, including molecular self-assembly, layer-by-layer 
deposition, plasma polymerization, atomic layer deposition, dip coating, chemical vapor 
deposition and electrochemical metal deposition35–38. These properties, in combination 
with the uniquely tunable pore structure with high aspect ratio, give AAO unique 
capabilities in many biological and chemical sensing applications. 
 While the autofluorescence of AAO is generally low, the photoluminescence of 
AAO depends on many fabrication parameters. The potential, pore diameter, thermal 
treatment and anodization regime all affect the photoluminescent properties35,36,39. 
Surface-plasmon resonance (SPR) and variations of the technique are widely used to 
study biological interactions, namely protein adsorption behavior. Plasmonic properties 
of surfaces rely strongly on the refractive index of the adjacent medium (in this case an 
AAO membrane). This allows for hybrid metal-AAO devices that have successfully been 
used to study the adsorption and desorption of bovine serum albumin (BSA) under 
different pH and bioaffinity conditions40,41. AAO has also been investigated to replace the 
use of silicon in reflectometric interference spectroscopy (RIfS) due to its improved 
chemical stability and more defined pore structure42. RIfS is based on the interaction of 
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white light with thin films to study the surface conditions and adsorption of any 
molecules of interest to act as a sensor43. Most notably, AAO substrates have been 
utilized for label-free detection of complementary DNA with improved sensitivity44. 
 AAO is an electrical insulator, so current tends to flow entirely through the pore 
channels when AAO is used as a component in an electrical system. Impedance 
spectroscopy (IS) measures the dielectric properties of a material by making use of this 
effect. The pores can contain biological events while simultaneously monitoring changes 
in conductivity/impedance45,46. Furthermore, with some surface modification, AAO’s 
electrical properties can be modified to create devices that can measure changes in 
electrochemical response. The result is ultra-sensitive nanobiosensors for the detection of 
viruses using specific antibodies immobilized inside of the pores. In some cases, this 
effect can be enhanced using gold nanoparticles to block the pore openings47–50.  
An area of particular interest is use of the membranes for high-throughput 
microbiology and cellular hybrid devices. The high surface-to-volume ratio of AAO and 
tunable pore morphology results in a biocompatible substrate that has single molecule 
sensitivity31.  Karlsson et al. studied the in vitro interaction of human osteoblast-like cells 
(HOBs) with AAO for use in orthopedic inserts51. The study found that HOBs spread and 
adhered well to the AAO surface and the osteoblastic phenotype was retained on the 
alumina. Additionally, although some Al3+ ions were measured in the surrounding culture 
media, the result was insignificant and did not have any adverse effects on the HOB 
development. However, this study was limited to AAO with 200nm pores and only 
studied the response of the HOBs, no other cell types. Hu et al. investigated cell culture 
on AAO substrates and introduced geometric constraints as well as a varying pore size52. 
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NIH 3T3 cells were seeded onto AAO substrates with pore sizes varying from 75-300nm. 
Geometrical constraints in the form of a polydimethylsiloxane (PDMS) film allowed for 
selected adhesion of the cells. The group also found that cell adhesion on the AAO 
substrates of small pore sizes was much faster than on flat surfaces but not for larger pore 
sizes as shown in Figure 6. However, to achieve the pore size range in this study the 
electrolyte composition was varied and oxalic and phosphoric acid electrolytes were 
used. The control for this experiment was a smooth aluminum surface, and while this 
lacks the topography of the AAO, it is also different chemically which is not accounted 
for when comparing the cell adhesion. 
 
Figure 6. Number of cells adhered on a smoothly polished aluminum foil and AAO 
substrates with varying pore size after 1, 2 and 4 days52 
III. Research Objective 
 The objective of this research is to characterize the cellular response of C17.2 
neural stem cells (NSCs) on AAO substrates with varying pore sizes. Chemical 
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differences between the AAO substrates will be minimized by utilizing the same 
electrolyte composition and procedure for the fabrication of all membranes. This work 
will use neuronal differentiation of the NSCs as a proof-of-concept study for the use of 
AAO in an artificial cell/material synapse system.  
IV. Experimental Procedure 
IV.I AAO Fabrication 
 Previous work by McQuaig and Belwalker et al. was used as a basis for a flexible 
anodization procedure to create AAO with pore sizes ranging from ~30-120nm12,27. 
99.99% pure aluminum foil with a thickness of 0.1 mm in the as-rolled condition was 
used as a starting substrate for anodization. Pure aluminum was used to reduce the 
number of defects present in the AAO and promote a robust pore structure. Although 
annealed aluminum promotes long-range ordering by limiting the number grain 
boundaries in the substrate, long range highly ordered pores were not the primary goal of 
this experiment so the foil was used in the as-rolled condition2. Aluminum foil that was 
thicker than 0.1 mm could not be used with this procedure to create AAO membrane due 
to the nature of the chemical removal of the aluminum substrate. The foil was cut into 
approximately 3.0 cm by 5.0 cm rectangles and ultrasonically degreased in acetone for 5 
minutes. The aluminum was then electropolished to remove processing lines and create a 
smooth surface for anodization. Electropolishing was carried out at 6.5 Amps in a 
mixture of phosphoric acid, ethanol, and deionized water prior to anodization. 
Initial work used ice packed around a beaker in an insulated enclosure to maintain 
a constant temperature in the anodization chamber. This method proved to be unreliable 
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and create varying electrical conditions due to gradually increasing temperature 
throughout the fabrication process and was ultimately replaced. Figure 7 shows a picture 
of the finalized anodization chamber setup used in this experiment. A recirculating chiller 
connected to a double-walled beaker was used to keep the anodization chamber at a 
constant temperature of -1 C. A 1:1 ratio of ethylene glycol and deionized water was 
used as the cooling fluid. Threaded copper rods were attached to a polycarbonate lid and 
soldered to alligator clips which held the aluminum foil and cathode. Graphite foil with a 
thickness of 0.13 mm and the same dimensions as the aluminum foil was used as a 
cathode for this experiment. The threaded copper rods were connected to a rack power 
supply to vary the voltage during anodization.  
 
Figure 7. Recirculating chiller and double-walled beaker used as the anodization chamber 
in this experiment 
 A 2.7 wt% oxalic acid, 10 wt% ethanol, and 87.3 wt% deionized water solution 
was used for all anodization steps. Oxalic acid was chosen as an electrolyte because it has 
been shown to favor the growth of pores with a constant diameter through the entire 
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thickness of the membrane53. The small addition of ethanol to the oxalic acid mixture acts 
as a coolant and prevents the mixture from freezing at a temperature of -1 C. The 
solution was replaced between each membrane fabrication, but not in between 
anodization steps for a single membrane. A pre-anodization is carried out at a 
temperature of -1 C for 5 minutes in the oxalic acid solution. This step was required 
after electropolishing to promote the adherence of a polymer film that restricts membrane 
growth to only one side of the aluminum foil. Membrane growth was restricted for easier 
removal of the AAO from the aluminum substrate.  
 The first anodization step was run for 2 hours to create pore initiation sites. The 
voltage during this step was varied from 25V-55V in order to change the final pore size 
of the AAO membrane. It is likely that this voltage range could be altered or expanded by 
changing the composition of the electrolyte but this was avoided in order to limit 
chemical changes during membrane fabrication. After the first anodization, the oxide 
layer was etched away in a mixture of 2 wt % chromic acid, 4 wt% phosphoric acid and 
94 wt% deionized water at a temperature of 65 C. After this etching step, the entire 
oxide layer is removed and the patterned aluminum surface is left for the second 
anodization step. 
 The second anodization step was carried out at 40V for around 40 hours in the 
same oxalic acid solution at a temperature of -1 C. Anodization at 40V provided an 
adequate oxide-growth rate without generating excess heat. The long anodization time 
results in a membrane that is thick enough to adequately handle the stresses encountered 
during cell culture and analysis. Acetone was used to remove the polymer film after the 
anodization is complete. The aluminum substrate was then removed chemically by 
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etching in a mixture of 4 wt% copper chloride, 10 wt% hydrochloric acid, and 86 wt% 
deionized water at room temperature. The time to etch away the aluminum can vary 
slightly, and care must be taken to only etch as long as necessary to limit the chemical 
attack on the AAO membrane. The final etching step was completed at a temperature of 
35 C in a 0.1M solution of phosphoric acid for 80 minutes with periodic agitation. This 
step removes the BLO and leaves only the completed AAO membrane with through-
pores. Although leaving the BLO intact would improve the mechanical stability of the 
membranes, it was removed in later AAO fabrication to ease the simplify sample tracking 
during cell culture. The entire membrane fabrication procedure and solutions used for 
each step are shown in Table 1and Table 2, respectively. 
Table 1. Anodization procedure used in this experiment to fabricate AAO membranes 
with pore sizes ranging from 30-80nm 
Step Solution Time Temperature Electrical Conditions 
Electropolishing A 40 s 22 C 6.5 Amps 
Pre-Anodization B 5 min -1 C 20 V 
1st Anodization B 2 hr -1 C Varied 
1st Etch C 1 hr 65 C --- 
2nd Anodization B 40 hr -1 C 40V 
2nd Etch D 6 hr 22 C --- 
3rd Etch E 80 min 30  C --- 
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Table 2. List of solutions and corresponding compositions used during the AAO 
fabrication process 
Solution Composition 
A 45 vol% Phosphoric Acid, 36 vol% Ethanol, Balance DI H2O 
B 2.7 wt% Oxalic Acid, 10 wt% Ethanol, Balance DI H2O 
C 2 wt% Chromic Acid, 4 wt% Phosphoric Acid, Balance DI H2O 
D 4 wt% CuCl2, 10 wt% Hydrochloric Acid, Balance DI H2O 
E 0.1M Phosphoric Acid 
 
IV.II AAO SEM Analysis and Pore Characterization 
 Portions of each AAO membrane were set aside prior to cell growth for scanning 
electron microscopy analysis to characterize the pore size and structure. Each sample was 
coated with iridium for 15 seconds to create a conductive surface layer. The top and 
bottom of each membrane was imaged to compare the pore structures across the 
membrane thickness. Pore size was measured from the SEM images using ImageJ 
software. Assuming circular pores, the pore diameter was taken as the average of a 
minimum of 100 pores from three separate fields of view on only one side of the 
membrane.  
IV.III Polycrystalline Alumina Controls 
 Polycrystalline Al2O3 was chosen as a control for cellular response studies. The 
alumina control samples have similar chemistry to the AAO but lack the porous and 
topographic features which are the subject of investigation in this study. AKP-HP Al2O3 
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powder from the Sumitomo Company with a mean particle size of 0.45 µm was spark 
plasma sintered to form the polycrystalline alumina samples. The powder was placed in a 
graphite die and held at 10 MPa and 700 C for 30 minutes to burn off any organic 
impurities. Following a ramp up to 1300 C and 60MPa, the samples were held for 
25minutes to sinter the particles and create alumina cylinders that were approximately 
20mm diameter by 8mm long. The alumina was then sectioned using a high-speed 
diamond blade into thin sheets for cell culture. 
IV.IV Sterilization and Preparation for Cell Culture 
 In preparation for cell culture, the AAO membranes and polycrystalline alumina 
were first UV sterilized overnight. The membranes were then washed with sterile 1X 
Phosphate Buffered Saline (PBS), followed by a 30 minute wash with growth medium 
(GM) [high glucose Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 
10% Fetal Bovine Serum (FBS), 5% Horse Serum (HS), 1% L-glutamine]. The 
membranes were incubated in GM overnight at 37°C and 5% CO254. 
IV.V C17.2 Neural Stem Cell Culture 
 The C17.2 NSCs that were chosen for this study are an engineered multipotent 
neural progenitor cell line. They were developed by Snyder et al. and are isolated from 
mouse cerebellum. The cells have also been introduced to living mice brains and were 
shown to integrate well55–57. Most importantly, however, is that C17.2s are similar to 
human neural stem cells and therefore offer a good model to understand cell response 
before moving to human cells.  
 C17.2 NSCs were routinely maintained in GM. The NSCs were seeded onto the 
AAO membranes at 10,000 cells/cm2 and incubated at 37°C and 5% CO2. The cells grew 
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on the membranes for 2 days before starting a serum-withdrawal protocol promote 
differentiation of the NSCs.  Half of the total volume of media was removed and replaced 
with serum-free (DMEM high glucose with 1% L-glutamine) media every 2 days. The 
cells grew on the membranes for 14 days after the serum concentration had dropped 
below 1%54. 
IV.VI Immunocytochemistry and SEM Analysis of Cell Growth 
 The primary analysis of cell growth consisted of immunocytochemistry (ICC), 
qualitative measurements of neurite growth and concentration, and qualitative SEM 
image analysis of cellular focal adhesion to the membrane surface. Following the serum 
withdrawal, the cells were formalin fixed and analyzed for neuronal and astrocytic 
differentiation using β-tubulin III (1:1000, Covance #A488-435L, neuronal) and glial 
fibrillary acidic protein (GFAP) (1:500, Sigma #C9205, astrocytic) antibodies, 
respectively. Additional samples were analyzed with nestin (1:100, Developmental 
Studies Hybridoma Bank #Rat-401, NSCs) and neurofilament H/M (1:100, Covance 
#SMI-33R, neuronal) antibodies. Nuclei were counter-stained with Hoechst 33258 dye. 
The β-tubulin III stained samples were used for neurite measurements in NeuronJ to 
determine the neurite outgrowth length and the neuronal population percentage54. For 
SEM analysis, the cells were fixed in 5% glutaraldehyde followed by dehydration via 
ethanol and hexamethyldisilazane incubations. The samples were then coated with 
iridium and observed at low voltage (3keV) to minimize charging and damage to the 
cells. 
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V. Results and Discussion 
V.I Anodization Optimization 
 Figure 8 shows an SEM image of the bottom layer of an AAO membrane before 
the BLO was removed in the final etching step. The image shows successful pore 
initiation sites with hexagonal ordering as predicted by literature. The top right of the 
image shows deviation from the hexagonal close packing due to a boundary with another 
domain of hexagonally ordered cells. Initially, the BLO was not going to be removed in 
order to make the AAO membranes more robust for handling. However, AAO 
membranes are optically translucent and difficult to keep in the same orientation 
throughout cell culture and analysis. In order to ensure cell growth occurred on a porous 
surface in line with the research objective of this study, the BLO was removed resulting 
in both surfaces of the AAO to be porous. Cell culture and subsequent biological analysis 
requires significant handling and the fragility of AAO was seen as a potential issue. Great 
care was taken with the AAO during these procedures and the mechanical stability of 
through-pore AAO was found to be sufficient for lab-based studies. 
 
Figure 8. SEM image of the BLO of an AAO membrane used in this study 
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 Literature has shown that rigorous stirring is required during anodization to 
distribute heat, replenish fresh electrolyte in the growth region, and remove hydrogen 
bubbles from the surface of the cathode. Traditional mechanical stirring was difficult to 
implement in the setup used for anodization in this experiment, so air-stirring with 
compressed air and a diffusing stone was used. Figure 9 shows the bottom and top 
surfaces of a membrane that was fabricated using rigorous air-stirring. Although the 
pores initially started out circular with some short-range order, after the full second 
anodization there was significant pore structure degradation referred to as “pig-nosing” 
(PN) as seem in the right image of Figure 9. Pig-nosing is characterized by a “pore-in-
pore” structure which does not have the straight-channel pores desired for molecular 
filtering applications. This structure typically results from excess heat generated in the 
pore-bottoms, or more generally because of instability in the oxide-growth in the pore 
bottoms. Initial growths proved that air-stirring was ineffective at preventing pig-nosed 
structures in this setup. However, pig-nosed membranes were used in cell studies as a 
means of investigating the effect of a degraded pore structure on cell growth. As an 
estimation, the pore size for pig-nosed membranes was taken to be the distance between 
the alumina “skeleton” at the center of the cell walls. 
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Figure 9. AAO membrane bottom (left) and top (right) surfaces after a first anodization 
of 40V and a second anodization of 40V for 42 hours with air stirring 
 Figure 10 shows a membrane fabricated under the same conditions as Figure 9 but 
without any stirring during anodization. The bottom of the pore openings appear similar, 
however the top surface of the membrane is slightly different. Although the top surface 
does not contain ordered-pore domains, each pore is self-contained. There is no “pore-in-
pore” morphology that is characteristic of the pig-nosed structure. Additionally, the 
nominal pore sizes on both surfaces in Figure 10 are within the standard deviation of each 
other, which is not the case for the membrane in Figure 9. As a result, membranes with 
this variance in structure were deemed acceptable for cell culture, bearing in mind that 
pore size and proof of concept for cellular devices is the principle purpose of this 
investigation. Therefore, all the membranes used for cellular characterization were made 
without any stirring in the anodization chamber. 
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Figure 10. AAO membrane bottom (left) and top (right) surfaces after a first anodization 
of 40V and a second anodization of 40V for 42 hours without any stirring 
 Figure 11 shows the first anodization conditions vs. the pore size for the 
membranes grown for cellular response studies. For the electrolyte and setup used in this 
experiment, 25V appears to be the threshold for creating satisfactory pore initiation sites. 
Lower voltages had growth rates that were too low to create a significant oxide layer after 
2 hours, resulting in highly disordered and degraded pore structures in the final AAO 
membranes. Additionally, above around 55V significant heat was generated that cannot 
be transported away from the growth surface quickly enough. The result was significantly 
inter-grown pores that cannot be traditionally characterized with pore size and compared 
to the membranes used in this experiment. Above 45V pig-nosed membranes typically 
form due to the increased heat generated during anodization. Around 45V (corresponding 
to about 80nm pores), it is difficult to predict whether a pig-nose structure will develop. 
As a result, membranes with very similar pore sizes were fabricated in this regime with 
the two distinct structures observed in this experiment. Note that error bars are present for 
all measurements of the pore diameter, but the values are minimal for membranes that did 
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not show the pig-nosed structure. Figure 12 shows SEM images of each of the 
membranes grown in this experiment. 
 
Figure 11. 1st anodization voltage vs. pore size measured for the AAO membranes grown 
in this study 
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Figure 12. AAO membranes with variable pore size grown in 2.7 wt% oxalic acid at 25-
56V 
V.II Immunocytochemistry 
 Figure 13 shows a micrograph of differentiated C17.2s on AAO membranes. All 
pore sizes were positive for β-tubulin III, nestin, and neurofilament H/M indicating a 
mixed phenotype population. β-tubulin III expression shows the presence of fully 
differentiated neurons, while nestin and neurofilament H/M mark cells that have not fully 
34 nm 38 nm 
64 nm 
78 nm 
77 nm PN 
117 nm PN 
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differentiated. GFAP did not result in positive staining for any of the AAO membranes 
used in this experiment, indicating no astrocytic differentiation. The results indicate that 
the serum withdrawal process used to differentiate the cells did not result in full neuronal 
differentiation for the AAO membranes. 
 
Figure 13. Differentiated C17.2 NSCs on AAO membranes stained for expression of 
nuclei (blue, circles) and neurofilament H/M (left) and nestin (right) shown in red 
 Figure 14 shows ICC images of C17.2s grown on AAO membranes and tissue 
culture treated (TCT) glass stained for β-tubulin III (green, extensions) and nuclei (blue, 
circles). TCT glass is a common cell culture substrate and was evaluated as a means to 
compare neuronal response of the AAO membranes to common methods. NeuronJ 
software was used to measure the neurite outgrowth lengths of the differentiated neurons 
on each of the substrates shown in Figure 14. Neurite outgrowth is commonly used as a 
measure of neuronal maturity and ability to communicate with other cells via synapses. 
Quantitative measurements of the neurite outgrowth lengths can be seen in Figure 15. 
Compared to the TCT glass control, all AAO membranes showed increased neurite 
outgrowth. The samples with the longest neurite outgrowth are the AAO membranes with 
pores in the 64-78nm range. The results suggest that there may be an optimum pore size 
  
for promoting neurite outgrowth of C17.2s. 
show similar neurite outgrowth behavior. This could potentially indicate that the inter
cell-wall distance is the dominant feature that
structure several nanometers into the pore opening where the inter
be seen.  
Figure 14. C17.2s differentiated on AAO membranes with various pore sizes as well as 
tissue culture treated glass and stained for 
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Figure 15. Neurite outgrowth measurements on each growth surface 
 Neurons differentiated on the polycrystalline alumina appears to have similar 
behavior to those grown on AAO with pore sizes between 64-78nm. Figure 16 shows an 
SEM image of the polycrystalline alumina surface prior to cell growth. The 
polycrystalline alumina surface has an irregular roughness. The surface exhibits features 
on a macro scale as well as sub-features on the nanometer scale. Additionally, the 
polycrystalline alumina has a similar chemistry to the AAO membranes. These properties 
resulted in similar neurite outgrowth to the AAO membranes.  
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Figure 16. SEM micrograph of the polycrystalline alumina surface before cell growth 
 To gain some understanding of the mixed phenotype population present on the 
membranes neuronal populate percentages were calculated. Figure 17 shows the neuronal 
population percentages of C17.2s differentiated on AAO membranes and a TCT glass 
control. TCT glass showed the highest neuronal percentage, followed closely by the 
polycrystalline alumina and AAO membranes with 34nm and 38nm pores. In contrast, 
AAO membranes with larger pore sizes (above 64nm) showed significantly lower 
neuronal percentages. The results suggest a relationship between pore size and population 
dynamics. Additionally, the irregular surface roughness of the polycrystalline alumina 
seems to promotes neuronal differentiation more so than the AAO membranes.  
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Figure 17. Neuronal population percentage of C17.2s differentiated via serum withdrawal 
on each growth surface 
V.III SEM Analysis of Cell Culture 
 SEM was performed to examine the cell layer morphology and membrane 
features after cell culture. Figure 18 shows an AAO membrane with 64nm pores after 
soaking in cell culture media. The membrane was never seeded with cells in order to 
evaluate if the cell culture process altered or clogged the pore structure in any way. The 
membranes maintain their pore structure and experience no physical change in their 
dimensions/morphology from the cell culture process. 
 
0
5
10
15
20
25
T
C
T
 g
la
ss 
co
n
tro
l
P
o
ly
cry
sta
llin
e
 
A
lu
m
in
a
3
4
n
m
 A
A
O
3
8
n
m
 A
A
O
6
4
n
m
 A
A
O
7
7
n
m
 
(p
ig
n
o
se
d
) A
A
O
7
8
n
m
 A
A
O
1
1
7
n
m
 
(p
ig
n
o
se
d
) A
A
O
P
e
rc
e
n
ta
g
e
 o
f 
N
e
u
ro
n
s
Growth surface
 31 
 
 
Figure 18. SEM micrograph of AAO membrane with 64nm pores examined after soaking 
in cell culture media 
 An SEM micrograph of the cell layer on TCT glass is shown in Figure 19.  The 
cell layer is several microns thick, and interactions can be seen in between the neurons 
and the surface of the cell layer. Small focal adhesions were observed attaching the tissue 
layer to the TCT glass.  
 
Figure 19. SEM micrographs of C17.2 cell layer after differentiation on TCT glass 
showing neuron interacting with the cell layer (left) and focal adhesions (right) 
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 Figure 20 shows representative SEM micrographs of the cell layer found on AAO 
membranes after differentiation. The AAO membranes all showed similar cell layer 
morphology, regardless of pore size. A dense tissue-like layer was found that was thicker 
than that found on the TCT glass in most areas. Similar to the TCT glass, evidence was 
found of neuronal interaction with the cell layer. Morphological differences were also 
observed in the tissue layer on the AAO membranes supporting the mixed phenotype 
results from ICC. 
 
Figure 20. SEM micrographs of the cell layer on AAO membranes after differentiation 
showing a dense cellular growth (a) and neuronal interactions with the cell layer (b,c)  
a b 
c 
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Figure 21 shows SEM micrographs of the cell interactions with the features on the AAO 
membranes. Neurons were found outstretched and interacting with the surface of the 
AAO membranes. Cells were seen to interact primarily with the surface of the 
membranes, and no evidence from SEM analysis suggests that the cells reach into the 
pore openings for the size range examined in this work. Figure 21c shows the edge of an 
AAO membrane after cell growth and suggests that the through-pore structure was in fact 
maintained throughout the cell culture process. 
 
Figure 21. SEM micrographs of cell interactions with AAO membranes after 
differentiation (a,b) showing an intact through-pore morphology (c) 
a b 
c 
 34 
 
VI. Conclusions 
 AAO membranes were fabricated in 2.7% oxalic acid with varying pore diameters 
and seeded with C17.2 NSCs. AAO membranes with pore sizes ranging from 34-117nm 
were achieved. After cell culture and differentiation via serum withdrawal, the cellular 
response of the AAO was evaluated by ICC and SEM. The data suggests a highly tunable 
correlation between AAO pore diameter and differentiated cell populations. The 
following conclusions can be made based on the observed data: 
1. AAO membranes support greater neurite outgrowth than TCT glass, regardless of 
pore size 
2. Neuronal population varies with the pore size of AAO membranes, and the 
presence of a dense layer with mixed phenotypes suggests the possibility of tissue 
growth on AAO membranes 
3. Through-pore morphology appears to be maintained indicating that AAO is a 
suitable candidate for an artificial cell/material synapse system 
VII. Future Work 
 AAO membranes have been shown to have potential as highly tunable materials 
for cellular devices. It would be valuable to evaluate all steps in the AAO fabrication 
process for their influence on cellular response. The use of other electrolytes and other 
electrolyte concentrations opens up a much more significant range (10-300nm pore 
diameter) of ordered pores for study. The wide range of pores could allow for highly 
tunable surfaces which have very specific molecular selectivity in a cellular hybrid 
device. Surface modification techniques could also be incorporated once the basic 
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properties of AAO membranes from different fabrication methods are understood. As a 
precursor to understanding the complex variables in AAO fabrication, the next step of 
this study will be to perform XPS on the membranes fabricated for this experiment to 
fully understand the chemical configuration that the cells are interacting with.  
 The complex roughness of the polycrystalline alumina showed some interesting 
results as compared to the AAO membranes in this experiment. Future studies could 
incorporate patterned aluminum substrates to understand the effect of combinations of 
different surface features on AAO surfaces. It is possible that the benefits of promoting 
neurite outgrowth length could be combined with increased neuronal percentages to 
further tune the types of cells that differentiate on these engineered surfaces.  
 Finally, the results shown in this work showed great promise for tailoring cellular 
response of NSCs. It is likely, however, that different cell types will also have varied 
behavior on the AAO membranes. Expanding the types of cells studied on AAO 
membranes will widen the applications of AAO in biomedical devices. Additionally, 
from a scientific stand-point, understanding the response of other cell types on these 
materials could provide insight into the complex mechanisms by which AAO and it’s 
morphology is affecting cell differentiation. 
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